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ABSTRACT

ENHANCED CONVECTIVE AIR COOLING OF ELECTRONICS WITH
MULTIPLE PRINTED CIRCUIT BOARDS (PCBS) USING TURBULANCE
GENERATORS
Kyle Jackson, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2016
Dr. Pradip Majumdar, Director

The focus of this research is to perform experimental and computational simulation
analysis of a turbulence generator method of increasing convective heat transfer of electronic
chips in an electronic device with multiple printed circuit boards (PCBs). With this achieved,
higher power levels can be used and/or the air flow needed to maintain a given operating
temperature can be reduced. The air flow is deflected or disturbed by deflectors or vortex
generator elements placed in strategic locations in the air stream. The models are simulated in
Star CCM+ CFD software and experimentally validated using a customized test facility with
computer data acquisition system. The experimentation consists of a multi-PCB card enclosure
being tested with both deflectors and vortex generator elements. All deflector and vortex
generator models are 3D-printed using an SLS printer. The natural convection case showed a
minuscule reduction in chip surface temperature with the use of different deflector designs and a
small reduction with the use of vortex generators.
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CHAPTER ONE: INTRODUCTION
1.1 Motivation
Electronic systems are being constantly revised to increase their performance, decrease
the overall size, and reduce sound. The tradeoff that occurs with this is to increase the
performance an increase in applied electrical power is needed. The increase in applied power
leads to an increase in the thermal output of the system. The common circuit element that will
cause this increase in temperature is the resistor. The power dissipated by the resistor is related to
the resistance and applied voltage; with an increase in one, the electrical power dissipated to
thermal energy will also increase. To dissipate the large amounts of heat generated on
commercial electronics, large heat sinks or high-powered fans must be used. These fans can lead
to a large amount of noise generated when operating at high flow rates. An advanced thermal
heat management system needs to be developed to aid in the cooling of these circuits. An
increase in the heat transfer of the circuit leads to the ability to increase the applied
power/performance or a decrease in the required air flow rate for cooling.
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1.2 Literture Review
Wu and Perng [1] conducted a simulation of vortex generation cooling of a heating block
element inside a channel. The numerical calculation was conducted using large eddy simulation
and SIMPLE-C. It was found that the use of vortex generation elements placed in the flow
channel would increase the effective heat transfer by means of vortex shedding.
Downing et al. [2] used different shroud and deflector designs to redirect air flow onto
and around a cube element. The testing was conducted both computationally and experimentally
to find the optimized deflector shroud design to minimize temperature while also minimizing fan
power.
Long and Yang [3] measured the heat transfer effect on a vertical flat heating plate with
the placement of delta-winglet vortex generators. It was found that by varying the width and
height ratio of the vortex generator the overall heat transfer from the plate could be improved. A
maximum value could be achieved with the proper ratio and placement of the generators.

1.3 Objective

The advanced thermal management method looked at in this study is to deflect the air
flow with the use of deflector elements in forced and natural convection and to utilize vortex
generators placed upstream from the resistor elements to aid in cooling the circuit via vortex
generation. This deflection or generated vortex will aid in the cooling of the electronics by
redistribution of air flow to the natural hot spots on the board.
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The forced convection study was conducted to test the effectiveness of deflector elements
on the operating temperature of pin-mounted resistors on a horizontally placed circuit board. A
computational fluid dynamics (CFD) analysis was compared to experimentally collected data.
The placement of an inclined deflector element was tested at varying flow rates.
The natural convection case was also analyzed using CFD and experimentation. The test
article was an electronics enclosure with opening on the bottom surface and top surface. In the
enclosure, printed circuit boards with resistor heating elements were placed. Both deflector
elements and vortex generation elements were tested. Different vortex generator sizes and
profiles were tested.
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CHAPTER TWO: THEORY AND IDEOLOGY
The study was conducted to test the effectiveness in increasing the heat transfer
coefficient/reducing the temperature of electronic resistors. Both natural and forced convection
studies were conducted using different test setups and parameters. The forced convection test
was conducted using a horizontally placed circuit board with a grid of resistors. This circuit
board was placed inside a wind tunnel in which deflector elements were placed. Forced air flow
was provided via a fan. The natural convection test was conducted using vertically placed circuit
boards with a row of resistors. Deflectors and vortex generators were placed in the air stream.

2.1 Turbulence Generator
The use of a turbulence or vortex generator allows for localized turbulent flow to be
created. This turbulent region allows for an increase in the heat transfer coefficient at that region.
The diagram shown in Figure 1 is a representation of a turbulator placed before a line of resistor
elements. The effect of this allows for the use of the turbulent Nusselt number (Equation 1).

Figure 1: Turbulator Example Model
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(Eq.1)
where Nu is the Nusselt number, Re is the Reynolds number, and Pr is the Prandt number.
With the Nussult number calculated, the heat transfer coefficient can be found using
equation 2. The Reynolds number equation 3 is also needed for the flow. The flow is assumed to
be laminar when the Reynolds number is less than 2300.
(Eq.2)

where Nu is turbulent Nusselt number, L is location along the flow path, and k is thermal
conductivity.
(Eq.3)
where ρ is density, V is volume flow rate, D is hydraulic diameter, and µ is dynamic viscosity.
The vortex generator works in the similar manner by creating a vortex in the airflow
caused by the geometry of the element. This vortex creates a mixed region of the otherwise
laminar air flow. This vortex also allows for the air flow to be assumed turbulent along the path
of travel of the vortex.

2.2 Deflector Element
The use of deflector elements allows for the air flow to be directed to an area that would
in their absence have stagnation in the flow or vortex. This region can be seen in Figure 2. The
stagnation region leads to a localized hot spot on the rear side of the element. The deflector is
utilized to disrupt the localized vortex that formed between the two bodies. With either a
disruption of the vortex or a redirection of the air flow, the localized hot spots can be reduced.

6
This reduction leads to an overall reduction in the object’s temperature. The deflector element
that is tested in this study is an airfoil element.

Figure 2: Flow Stagnation between Two Rectangular Bodies [4]

A deflector element will also produce a slight vortex on the trailing edge. This created
vortex will further aid in cooling elements downstream of the deflector location.

2.3 Computational Fluid Dynamics (CFD)
CFD analysis was conducted using CD Adapco Star CCM+ V9.04 and compared to
experimentally collected data. The simulations were conducted on 3D models of the
experimental test regions. These models were molded in such a way that only minor changes to
boundary conditions and geometry would be required to test the different experimental
configurations. The models used were created in SolidWorks 2012 and transferred to Star as .igs
files. The CFD analysis will be utilized the control volume technique to allow for the flow field
and temperature distribution to be solved for. The CFD software is directly solving the NavierStokes. These are the continuity (equation 4), momentum (equation 5), and energy (equation 6)
equations [5]. Since the working media for this study is air, the equations are based of the gas
being compressible.
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When dealing with numerical solutions to convection problems, issues can arise in
discretizing convective and pressure terms in the momentum equation. The use of the previously
mentioned control volume analysis allows for a better discretization.

2.4 Test Article

The work done for this report was modeled off of a ½ ATR enclosure. This enclosure was
a Churchill CBC-Series ARINC 600. The housing has perforated sections on both the top and
bottom sides to allow for air flow into and out of the case. These areas were used as the inlet and
outlet for the CFD modeling of the enclosure. The SolidWorks 3D model shown in Figure 3 has
the side covers transparent and the top removed to show the inner card holder and the three 6N
cards. The card cage is set up to place the cards one inch apart from each other. The sides of the
card cage have foam inserts to block off the air channels in the end of the card cage. This was
done to simplify the air flow path and remove the chance of effects from the card cage geometry.
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Figure 3: CBC ATR Enclosure

The circuit cards are constructed of a multilayer printed circuit board with a row of five
surface-mount VISHAY 1 ohm resistors. The resistors are wired in series on the board. The
board itself has a trace on the rear of the card to also heat the circuit board. Figure 4 shows a 3D
model of the card with the resistors, trace, and DB connectors.

Figure 4: 6N Card with DB Connectors and Five Resistors
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The ATR enclosure is placed on a mounting chassis that contains a plenum box mounted
to the underside for future forced convection testing. This chassis has a perforated plate which
the enclosure inlet mounts to. This chassis is set up to allow easy removal of the enclosures for
changing of the deflector elements on the circuit board. The deflector elements that are created
for the testing are three different profiles. The profiles were an airfoil profile and two types of
vortex generators. One vortex generator was designed to target the vortex placement to be in the
middle of the resistor row, whereas the other was to create vortexes on the outside edges of the
resistors.
The airfoil deflectors are shown in Figure 5. The airfoil is created from a NACA 0012
profile. The deflectors are varied by a height ratio measured from the top resistor to the bottom
of the airfoil. These heights ratios are varied from 0.5, 1.0, and 1.5. The airfoil profile and
location on the board are kept constant between the different designs.

Figure 5: Airfoil Deflector Geometry
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The vortex generator profiles were also varied in their measurements. The fin length was
varied on the two vortex generator profiles. The different vortex generator profiles are referred to
as deflector 6 and deflector 7 shown in Figure 6. Deflector 6 is designed to be placed upstream of
the chips with the fins angling away from the resistors. Deflector 7 is designed to be mounted
parallel to the resistor row upstream from the chips. The center of the deflector is to be mounted
in line with the center resistor. All deflector and vortex generator geometries are placed on the
center card in the enclosure.

Figure 6: Deflectors 6 and 7 Geometries
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The placement of deflector 6 can be seen in Figure 7. This location is used for the
mounting of both the vortex generator deflector profiles. An example of deflector 7 placement
can also be seen in Figure 7.

Figure 7: Deflectors 6 and 7 Mounting Locations

The airfoil deflectors are mounted in a different location. The airfoil deflectors are
mounted using the four #8 holes in the PCB board surrounding the resistor row. The mounting
location and orientation of the airfoil deflector can be seen in Figure 8.

Figure 8: Airfoil Deflector Mounting Location
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CHAPTER THREE: NATURAL CONVECTION EXPERIMENTAL
TESTING
3.1 Experimental Setup
The experimental portion of the work was conducted on the physical model of the CRC
ATR enclosure. The enclosure is fitted with three 6U cards. The cards are placed in the card
racks and then the entire assembly is mounted to the chassis. The assembled enclosure is shown
in Figure 9. The foam spacers from the 3D model were replaced with tape to block off the same
area from the inlet and outlet. The image in Figure 9 is taken looking down from the outlet into
the enclosure. The top plate is set off to the side for the image.

Figure 9: CRC ATR Enclosure with Top Removed

The 6U circuit boards are constructed with five resistors placed in a row, wired in series.
The card also has a wire trace in the rear side which will be powered, further increasing the heat
output of the card. The boards are also designed with traces to allow for voltage measurement
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across each of the resistors. This allows for the power output of each resistor to be calculated.
The boards are instrumented with T-type thermocouples for temperature measurement. The
middle card has thermocouples on each resistor and additional thermocouples on the rear side of
the board. The other two cards only have a single thermocouple on the rear side center of the
cards. The thermocouple placement on the resistor side of the card is shown in Figure 10.

Figure 10: Thermocouples on Card Two Resistors

The rear side of the card two can be seen in Figure 11. These thermocouples are placed to
allow for the measurement of the temperature on the rear side of the card both upstream,
downstream, and next to the resistors. This is done to aid in measuring the effect of the vortex
generator deflector design. The thermocouples are grouped and numbered according to their
placement on the board, with the lowest numbered being placed on the inlet side of the card and
the higher numbered thermocouples being placed on the outlet side.
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Figure 11: Card Two Rear Side Thermocouple Placement

The PCBs were powered by benchtop power supplies. Both circuits on the PCBs were
wired in their own respective series circuit. The series circuit was chosen to ensure that the
current would be constant throughout the circuit. The resistor circuit of the experiment was
powered by an Agilent E3615A 0-20V, 0-3A power supply, while the board traces were powered
by an Agilent E3612A 0-60V, 0-.5A/0-120V, 0-0.25A power supply. The reason for using two
different power supplies was to allow for finer control over the amount of power dissipated. The
power supplies can be seen in Figure 12.
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Figure 12: Agilent Power Supplies

The current was measured by the use of a shunt resistor placed in the circuits. The shunt
resistor was a 1ohm resistor. By measuring the voltage drop across the resistor the current can be
found using ohm’s law:
(Eq.7)
where V is the measured voltage drop and R is the measured resistance of the resistor.
The thermocouples, voltage wires, and shunt resistors are all measured by the use of a
NI-Cdaq 9172 multichannel chassis. This data acquisition device (DAQ) allows for the user to
change modules based on what the experiment requires to have measured. The models that were
used for this experiment are listed in Table 1.
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Table 1: Ni-Daq Modules Used

Name of Module
NI 9205

Measurement Type
Differential voltage

Number of Channels
36

NI 9201

Voltage

10

NI 9201

Voltage

10

NI 9211

Thermocouple

5

NI 9211

Thermocouple

5

NI 9213

Thermocouple

36

Channels used For
Resistor Voltage
Drop
Resistor Shunt
Voltage
Board Shunt
Voltage
Room Temp
Thermocouple
Card one + three
and inlet air temp
Card two
Temperature

The data was recorded and monitored using National Instruments Lab View 2014. The
Lab View VI allows for real-time collection of data as well as display of the data. All of the
thermocouple and voltage measurements were recorded using a single Lab View VI. This VI can
be seen in the appendix. The Lab View is constructed to record all channels of measurement as
well as the current time. The diagram is set up to also display the voltages and temperatures of
each card, along with the inlet and room temperature. This was done so the operator could notice
if there were any issues with the experiment and would be able to stop the testing. The
temperature graphs allow for a visual representation of when the system has reached a steadystate operating temperature. The reason for the steady-state temperature is to eliminate the of
effect the repeating the data sets without allowing the entire system to return to a given
temperature and to remove the effect the room temperature would have on the data initially. A
full experimentation setup schematic can be seen Figure 13, where the red wires indicate voltage
measurement, the blue are thermocouples, and black are power wires.
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Figure 13: Experimental Setup Diagram

The final portion of the experimental setup is the deflector and vortex generators. The 3D
models shown in Figure 5 and Figure 6 were created by additive manufacturing. The SolidWorks
files were converted to STL files for use in a selective laser sintering (SLS) 3d Printer. The
printer that was used was a Sinterstation 2500 Plus. This printer is a single-powder printer. A
build bed is retracted down and powdered material is then rolled onto the bed. The laser is then
fired to melt the power together in a localized region. This process is repeated as the parts are
built up layer by layer. This method of production allows for the complex shape of the vortex
generators to be created with dimensional consistency. The end-result 3D printed parts can be
seen in Figure 14. The deflectors are displayed starting at 1.5 to .5 ratios. The topmost set is the
airfoil deflectors, middle is deflector 6, and bottom row is deflector 7.

18

Figure 14: 3D Printed Deflectors

The use of SLS printing reduced the effect of surface finish on air flow. The .004” in
layer thickness leads to a fine surface finish and tight tolerance on the created parts. With the
parts being produced in the bed of power, the parts can be created without the need for support
material. The lack of needed filler material removes the surface effect where the support material
would otherwise be attached.

3.2 Experimental Test Procedure
The experiment was conducted such that data would be collected during steady state
operation. The steady state condition allows for the removal of any transient effect the deflector
elements may have on the board. To eliminate the effect of environmental conditions changing
the room temperature and air temperature were collected. This allows for a direct comparison
between data sets, as the inlet air temperature will be subtracted from the final resistor
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temperatures. The power to both the board and the resistor circuits was kept at a constant 12.5
volts @ .383 amps and 12.1 volts @ .75 amps respectively. The only variable that was changed
between the data sets was the deflector turbulence generator profile that was present in the air
stream.
To start the experiment, no deflector or deflector profile was placed in the desired
location for the chosen element, with the airfoil profile being placed above the resistors on the
second card and the two vortex generator profiles being placed upstream from the resistor row.
The Lab View VI was started to begin the data collection. After the Lab View was running, the
power supplies could be powered on and brought up to the necessary power for the test. Once the
power supplies were at their respective settings, the data collection would proceed. The Lab
View front panel was monitored to ensure the experiment was following the expected trend. This
was done to allow for the ability to catch any faulty sensors or possible shorts in the setup early,
which removes unnecessary down time between data sets and during the experiment procedure.
Once steady-state is reached, the experiment is left to run for a designated time period after. This
data collected during the steady-state period is averaged and used for the final comparison
between profiles. Once enough data is collected the Lab View VI is stopped and the file is saved;
the power supplies are turned off, and the circuitry is allowed to cool down before a different
profile is placed onto the board inside the enclosure and the experiment is repeated. A tabular
breakdown of the test matrix can be seen in Table 2, and a list of procedural steps is shown in
Table 3.
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Table 2: Test Matrix

Natural Convection Test Parameters
Resistor Power
Card Voltage
Deflector Placement

12.1 Volts
.750 Amps
12.5 Volts
.383 Amps
Placed directly over resistors with airfoil

(Airfoil)

profile placed in air flow direction

Deflector Placement

Placed upstream of resistor row with center of

(Vortex)

profile in line with center of resistor row.

Data Collection Time

Until Steady State is reached then 5 minutes
after (unusually 25-35 minutes)

Cool down time

Allow 10-15min to cool down before changing
profile.

Table 3: Experimental Test Procedure

Step 1
Step 2
Step 3
Step 4
Step 5
Step 6
Step 7
Step 8

Experimental Test Procedure
Place desired test deflector into appropriate location, if no
Deflector needed, start at step 2
Turn on Agilent power supplies, and set to test power
output for test apparatus.
Start Lab View VI and run the VI
Allow experiment to run till Steady State is reached
Collect Data for 5 min after steady state is reached
Stop Lab VIEW VI
Shut down power supplies
Allow test article to cool

3.3 Experimental Test Results and Conclusion
An experimental data set was collected for each of the deflector profiles and compared to
a baseline set that was collected with no deflector present. All data sets were collected following
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the experimental procedure previously stated. The data sets were collected in similar
environmental conditions to eliminate the effect any change in the room’s air flow pattern would
cause on the results. The data was placed in Microsoft Excel to analyze and differentiate from
the different data trials. The last portion of the experimental data was averaged and can be seen
in Table 4. The temperature values are ΔT (resistor thermal couple temperature minus the inlet
air temperature in degrees Celsius).
Table 4: Resistor Temperatures

Resistor

1 (TC201)

2 (TC202)

3 (TC203)

4 (TC204)

5 (TC205)

Baseline

35.94

45.62

40.07

37.94

34.69

Airfoil .5

35.49

45.90

40.14

37.75

34.16

Airfoil 1.0

35.49

44.13

38.55

36.63

34.15

Airfoil 1.5

35.65

43.98

38.60

36.75

34.59

Defector 6 0.5

36.07

45.78

40.31

38.08

34.69

Deflector 6 1.0

36.21

45.79

40.40

38.14

34.73

Deflector 6 1.5

36.21

45.94

40.33

38.18

34.79

Deflector 7 0.5

35.51

45.13

39.74

37.50

34.23

Deflector 7 1.0

35.99

45.70

40.07

37.92

34.56

Deflector 7 1.5

36.17

46.16

40.43

38.21

34.89

With the data, Figure 15 plots the ΔT value of each resistor versus the thermocouple that
measured them. This allows for a comparison of the overall performance of the deflector along
with a resistor-by-resistor comparison of each design. It can be seen from the graph that the
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airfoil deflector profiles 1.0 and 1.5 increased the heat transfer coefficient over the baseline.
These increases lead to a reduction of 1.5 for both cases over the baseline data. Deflector profile
7 0.5 also increased the heat transfer which led to a smaller .5 decrease over the base line results.
Deflector profile 6 and the remaining deflector 7s saw an average increase of .5 over the baseline
test. The reason behind this will be looked at further in the CFD analysis. Each deflector is color
coded and each dimension is grouped by a smilar symbol.

CHip temp--Inlet Temp (C)

46
44
42
40
38
36
34
1

2

3

Chip Position

4

5

Base Line

Airfoil 0.5

Airfoil 1.0

Airfoil 1.5

Deflector 6 0.5

Deflector 6 1.0

Deflector 6 1.5

Deflector 7 0.5

Deflector 7 1.0

Deflector 7 1.5

Figure 15: Temperature Vs Chip Location Experimental Data

CHAPTER FOUR: NATURAL CONVECTION CFD ANALYSIS
4.1 CFD Model
The CFD model was created to allow for a validation of the experimental results. The
model was designed from the 3D model of the ATR enclosure in Figure 3. To reduce the amount
of computational time and power required to solve the problem, unnecessary parts of the
physical model were not included into the model. The computational domain was simplified to
include only the air volume inside the enclosure, the cards, and the resistor elements. The
computational model can be seen in Figure 16, where the orange area is the outlet and the grey
area on the lower surface is the inlet.

Figure 16: CFD Model of ATR Enclosure
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The air volume was extracted from the SolidWorks model and contains the offset inlet
and outlet areas of the physical enclosure. The areas of the card cage and the air outside of the
cage were removed from the simulation model due to the addition of the tape in the experimental
model to block off the air flow from those regions. The resistors were simplified to a rectangular
element the same dimensions as the experimental resistors, with only the surface-mount solder
pads being removed. The cards were also simplified to remove the multilayers. The inlet and
outlet geometries were modeled as a single surface, while the porous portion was handled as a
boundary condition to eliminate the need for multiple inlets and outlets on the model.

4.2 CFD Continua, Boundary, and Mesh Conditions
The different parts of the physical experiment were modeled in Star CCM+. The main
portions that were molded were the air, resistor, card, and deflectors. These parts were broken up
into three different continua models. These were the air, resistor, and card/deflector. The reason
for the card and deflector portion being combined is that these two regions have similar continua
properties; thus to reduce computational time, they were combined into a single continua model.
The continua model values can be seen in Table 5. Much of the two solid regions share many
assumptions in creating their respective continua settings. Since the experiment is assumed to be
steady state, no transient terms are required in the solution. The experiment is a 3 dimensional
model and has internal energy in the form of heat generation in the solid regions.
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Table 5: CFD Continua Models

Continua

Space

Time

Material

Energy

Air

3D

Steady

Resistor

3D

Steady

Real Gas
(Air)
Solid

Card &
Deflector

3D

Steady

Solid

Coupled
Energy
Coupled
Solid
Energy
Coupled
Solid
Energy

Equation
of State
Coupled
Flow
Constant
Density

Turbulence Gravity
K-Epsilon -y
Turbulence Direction
NA
NA

Constant NA
Density

NA

The creation of the model required the use of appropriate boundary conditions to properly
recreate the physical model in Star CCM+. Since the flow is driven by the heating of the air and
resulting change in density, there is no forced flow at the inlet or outlet surface. The inlet is set to
a stagnation inlet. This allows for air to be brought into the air volume but is only done by the
means of the naturally developed flow. The pressure was set to 0 atm gage, with an inlet
temperature of 20. The outlet region for the model was set as a pressure outlet with pressure of 0
atm gage and 20 total temperature. The walls of the enclosure were assumed to be adiabatic. The
resistors and cards were set as total heat generation. This model takes and applies a heat output
such that the total amount over the volume of the element is equal to the set value. This was set
as 10.5 watts for all resistors and 3 watts for each of the circuit boards. This value was calculated
from the initial experimental values required to maintain a temperature difference of 40o from the
resistors versus the inlet air. A summary of the necessary boundary conditions and their
respective values can be seen in Table 6.
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Table 6: Region Physical Values

Inlet (Stagnation Inlet)
Temperature
20 Co
Pressure
0 Atm
Resistors
Heat Source
Total Heat Generation
Total Heat
10.5 Watts
Deflector
Heat Source
None

Outlet (Pressure Outlet)
Temperature
20 Co
Pressure
0 Atm
Card
Heat Source
Total Heat Generation
Total Heat
9 Watts

The mesh for this model was initially an issue. The relatively small size of the turbulence
generators leads to areas with meshing issues. These issues were resolved with changing the
prism layer values. The mesh was constructed using a polyhedral mesh with a prism layer
mesher and surface remesher. This mesh allows for the complex angles of the vortex generators
to be meshed while the larger areas can have a courser mesh to keep down the total number of
elements and nodes to reduce the computational time. The mesh values for each of the meshing
models can be seen in Table 7. The base size was chosen to allow for elements to be present on
the deflectors without causing a loss in the overall geometry. The use of three prism layers was
to ensure both the fluid and thermal boundary layers were fully captured in the simulation. The
mesh is shown in Figure 17. The air volume is hidden in the image to allow for the mesh of the
cards and resistors to be seen.
Table 7: Mesh Parameters

Base Size

.2in

# of Prism Layers
Prism Layer Thickness

3
33% of base size
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Figure 17: CFD Mesh of Experimental Setup

4.3 CFD Results and Conclusion
A CFD simulation was conducted for each of the experimental trials. The CFDs all
shared the same continua and region values. The only difference in them was the deflector or
vortex generator present in the simulation. The simulations were run until the results had reached
convergence. The simulations were considered converged if the results were down to 10^-4 or
below.
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The simulations also used point probes to replicate the placement of thermocouples on
the experimental setup. This allows for a direct comparison of the temperatures of the resistors.
The point probes can be seen in Figure 18. Each of the resistors has a point probe placed on the
downstream side of the resistor on the surface. The naming for these probes is the same as that of
the thermocouples, starting with the first one on the left side of the card when viewed from the
front side and ending with number five.

Figure 18: Point Probe Placement

The baseline simulation was run using the boundary conditions, continua and mesh
values to compare when the deflector or vortex generator profiles are placed in the air stream.
The temperature scalar plot from the CFD is shown in Figure 19. The temperature distribution
shows that the most rear card had the hottest resistors while the middle card resistors are around
59-60. The scene also shows that the central resistors along the resistor row are experiencing the
highest temperatures. The image was captured looking down the air flow stream from the outlet
surface.
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Figure 19: BaseLine CFD Temperature Distribution

The velocity profile for the baseline can be seen in Figure 20. This profile shows that the
flow across the rectangular resistor elements creates a vortex region on the downstream side.
This vortex region leads to stagnation in the flow which creates the higher temperature. With the
removal of this vortex, temperature should decrease.

Figure 20: Baseline Flow Pattern
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The airfoil deflector was placed in the CFD model in the same location as the
experimental model. The temperature distribution is shown in Figure 21. It can be seen that the
airfoil profile reduced the temperature of the resistors. When compared to the baseline
temperature, the resistors are found to be 1-1.5o C lower in temperature.

Figure 21: Airfoil Deflector Temperature Profile

The velocity profile is shown in Figure 22. It can be seen that the air flow pattern was
changed. The velocity between the resistors is shown to have increased in speed while the vortex
region has been shown to reduce in size and was removed in the case of deflector 1.0 and 1.5.
The side supports of the deflectors also create a small vortex region as well.

Figure 22: Airfoil Deflector Velocity Profile

31
The vortex generator profile 6 was placed in the downstream location centered with the
resistors. The same settings as the airfoil profiles were used. The temperature distribution is
shown Figure 23. The deflector 6 0.5 can be seen to reduce the temperature when compared to
the baseline, where deflector 6 1.0 and 1.5 are shown to remain at the same temperature.

Figure 23: Deflector 6 Temperature Distribution

The velocity field is shown in Figure 24. The deflectors can be seen to have similar air
flow patterns to the airfoil deflectors. The flow between the resistors is also similar to the
baseline. It can also be seen that the deflector is not forming vortex regions in the low-velocity
flow. Deflector 6 1.5 is seen to start creating a vortex region near the front wing edge.
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Figure 24: Deflector 6 Velocity Profile

The final vortex generator profile (deflector 7) was placed in the same location as
deflector 6 and centered with the resistor row. The same boundary conditions and heat
generation settings were used. The temperature distribution can be seen in Figure 25. The
deflector can be seen to have negligible effect on the temperature of the resistors. Deflector 7 0.5
does show a decrease of .5o C compared to the baseline.

Figure 25: Deflector 7 Temperature Distribution
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The velocity profile is shown in Figure 26. The deflectors can be seen to have no effect
on the flow distribution. The flow pattern is very similar to the baseline profile. The deflector 7
1.0 can be seen to start forming a vortex at the base of the wing. The flow between the resistors
can also be seen to follow the baseline portion.

Figure 26: Deflector 7 Velocity Profile

The point probes created in the CFD model were used to allow for a direct comparison
with the experimentally collected temperature values. The temperatures of these points can be
seen in Table 9. The inlet air temperature was assumed to be 20o C for all of the simulations, thus
the value was subtracted from the point probe data. This was done to place the CFD data in the
same temperature range as that of the experiment.
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Table 8: CFD Delta T Data

Resistor

Resistor 1

Resistor 2

Resistor 3

Resistor 4

Resistor 5

Baseline

39.94

41.53

40.79

40.57

39.99

Airfoil .5

39.474

40.867

39.993

39.861

39.478

Airfoil 1.0

38.967

40.789

39.617

39.811

39.038

Airfoil 1.5

38.7874

40.573

39.806

39.529

38.806

Defector 6 0.5

40.523

41.891

40.943

40.358

40.503

Deflector 6 1.0

41.094

42.428

41.498

40.879

41.098

Deflector 6 1.5

41.81

43.116

42.212

42.113

41.78

Deflector 7 0.5

39.139

40.435

39.498

39.433

39.114

Deflector 7 1.0

41.699

43.011

42.084

41.545

41.709

Deflector 7 1.5

41.711

42.719

41.755

42.012

41.734

The numerical data taken from the probes was plotted against the chip position for each
of the simulation setups. The data is shown in Figure 27, Where each of the geometries is
represented using the same settings as the experimental data; the dimension sets all have the
same symbols and each deflector profile is color coded. It can be seen that the airfoil deflectors
all lead to a decrease in the temperatures of the resistors. Deflector 7 0.5 also reduced the
temperature of the resistors on card two. The airfoil deflector profiles reduced the overall
temperature by 1o-1.5o C on average across all three resistors. Deflector 7 0.5 lead to a decrease
of 1 on average. This reduction in temperature is backed up by the previously examined
temperature distributions and velocity profiles around the resistors. With deflector profile 6
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showing little effect on the air flow velocity profile, it is seen that the temperature on this profile
is similar to baseline or higher than baseline due to the deflector profile blocking the air flow
instead of redirectiNG or disrupting the flow path. This effect led to the increase in the resistor
temperature for deflector profile 6.

43.5
43
Chip temp-Inlet Temp (C)

42.5
42
41.5
41
40.5
40
39.5
39
38.5
1

2

3

Chip Position

4

5

bl

Deflector 0.5

Deflector 1.0

Deflector 1.5

Deflector 6 0.5

Deflector 6 1.0

Deflector 6 1.5

Deflector 7 0.5

Deflector 7 1.0

Deflector 7 1.5

Figure 27: Temperature Vs Location CFD Data
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CHAPTER FIVE: EXPERIMENTAL AND COMPUTATIONAL
SIMULATION COMPARISON
The experiment and simulation both show that the deflector and vortex generator would
reduce the temperature of the resistors. The airfoil profiles of 1.0 and 1.5 were found to reduce
the operating temperature. The turbulence generator profile 7 0.5 was also found to reduce the
temperature. The experimental and CFD comparison is show in Figure 28. The simulation and
experiment follow similar trends with resistor two being the highest temperature in both cases
and the outside resistors being the coolest.
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Dleta T(iTC-Inlet)

44
42

Baseline
Experimental

40
38

Baseline CFD
36
34
1

2

3

4

5

Chip Position
Figure 28: Experimental to CFD Baseline Comparison

The experiment shows a higher temperature on resistor two when compared to the CFD.
This discrepancy is possibly caused by factors in the experimental setup. The possible cause is
the wiring for the instrumentation and card power is placed over the grate, and blocking part

37
ofthe air flow over resistor two. The other possible cause is the CFD model assumes all resistors
have the same heat generation, while the actual resistors vary in their resistance values leading to
different heat dissipation.
The experimental portion of the study encountered errors in the 3D printing of the
deflectors. The initial printing of the deflectors created parts which would come out of the
printing as multipiece or would deform under their own weight. This issue is seen in Figure 29.
The cause was found to be an issue in the cad files, resulting in the deflectors being formed with
bodies contacting on edges instead of at a face. This resulted in an area of zero thickness.

Figure 29: 3D Printed Part Failure

The simulation portion of this study also suffered from issues in the construction of the
mesh. Initial mesh settings resulted in mesh with areas of zero volume. The solution of this mesh
resulted in a large increase in the residuals and a non-converging solution. The velocity at this
region starts to increase greatly as the solution moves farther form convergence. This large
discrepancy of the velocity profile can be seen in Figure 30.
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Figure 30: Unconverged Velocity Profile

The deflector profile 7 should have performed better than it did in both the experimental
and simulation. The cause was found to be the deflector geometry was designed incorrectly. The
deflectors were designed in such a way that the vortex was cooling the card’s surface instead of
the resistors. The vortex shedding can be seen in Figure 31. Point probes were placed on the card
surface to see the effect on the card. The data is shown in Table 9. It can be seen that the larger
deflectors were actually cooling the cards more than the resistors.

Figure 31: Deflector 7 Card Vortex
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Table 9: Point Probe Data for Deflector 7

Baseline
0.5
1
1.5

Left (chip 1
side)
61.835
59.114
60.976
60.968

Card Point Probe
Right (chip 5 Away from
side)
chip 1
61.945
61.453
58.391
59.015
60.999
59.153
61.013
59.564

Away from
chip 5
61.546
58.213
59.175
59.456

CHAPTER SIX: CONCLUSIONS
The deflector and vortex generator were found to be a valid method of cooling electronic
devices. The airfoil-deflector-based profile was found to be a better method for use in natural
convection. The vortex generator was found to have very little effect on the heat transfer and
resulting temperatures of the resistors. With a higher flow rate the vortex generators would start
to be effective. The vortex generators were also found to depend on their overall geometry and
placement in the air stream. This was seen by the performance of deflector profile 7 when the
vortex region was cooling the cards rather than the resistor elements. Both the vortex generation
and deflector profiles improved the overall cooling of the electronic circuits used in this
enclosure.
With this natural convection study, future work could be conducted with forced
convection using the same experimental setup and most of the CFD settings. The change to
experimental would be to add in some type of forced air supply. The CFD would only require a
change in the boundary conditions of the inlet and outlet to mimic the experimental settings.
With this, the study could be further expanded on. The next area to look at will be the positioning
of the vortex. As it was seen in the deflector profile 7 results, the vortex region was forming in
the wrong location for the desired cooling effect. The vortex generator element location can be
varied in further research to look into the effect the vortex location has on the cooling of the
resistor row.

WORKS CITED
[1] Wu, H., & Perng, S. (2005). Turbulent flow and heat transfer enhancement of mixed
convection over heated blocks in a channel. International Journal of Numerical Methods
for Heat & Fluid Flow, 2005(2), 205-225.
[2] Downing, S., Fain, A., & Majumdar, P. (2013). Improved Cooling of Electromagnetics
by Directed Airflow. Volume 2: Thermal Management; Data Centers and Energy
Efficient Electronic Systems. doi:10.1115/ipack2013-73286
[3] Long, J., & Yang, Z. (2006). Experimental study on heat transfer enhancement on natural
convection in a vertical plate by using longitudinal vortex generators arranged in rows.
Heat Transfer—Asian Research, 35(5), 351-358. doi:10.1002/htj.20119
[4] Santiago, J. L., Martilli, A., & Martín, F. (2006). CFD simulation of airflow over a
regular array of cubes. Part I: Three-dimensional simulation of the flow and validation
with wind-tunnel measurements. Boundary-Layer Meteorology, 122(3), 609-634.
doi:10.1007/s10546-006-9123-z
[5] Majumdar, P. (2005). Computational methods for heat and mass transfer. New York:
Taylor & Francis.

APPENDIX A: LAB VIEW VI
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Figure 32: Lab View VI
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Figure 33: Lab View Front Panel

